The aims of the present study were, firstly, to evaluate areal bone mineral density (aBMD), bone strength and structure during a swimming season and compare them to those of normo-active controls (CG), and secondly to ascertain whether practising an additional weight-bearing sport other than swimming might improve bone. Twenty-three swimmers who only swam (SWI-PURE; 14 males, 9 females), 11 swimmers who combined swimming with an additional weight-bearing sport (SWI-SPORT; 8 males, 3 females) and 28 controls (CG; 16 males, 12 females) participated in the present study. aBMD was assessed with dual energy X-ray (DXA). Bone mass, area, structure and strength of the non-dominant tibia and radius were measured with peripheral quantitative computed tomography (pQCT). Measurements were performed at the beginning of the swimming season and 8 months later. The only difference among groups for DXA and pQCT variables was found for arm aBMD, which was higher in the SWI-SPORT than in the CG group at both pre-and post-evaluation. Group by time interactions (GxT) were found for trochanter aBMD when comparing SWI-SPORT to CG and SWI-SPORT to SWI-PURE, favouring in both cases SWI-SPORT. No GxT were found for the radius. For the tibia, GxT were found between SWI-SPORT and CG and between SWI-PURE and CG, in both cases favouring the swimmers. A season of swimming does not confer any additional benefits to aBMD, but may confer minor benefits to structure and mass. Complementing swimming with a weight-bearing activity is beneficial to bone.
INTRODUCTION
Osteoporosis is a skeletal disorder characterized by compromised bone strength, predisposing to an increased risk of fracture [1] . Peak bone mass accumulation, which will contribute to future osteoporosis risk, occurs around the ages of 12 to 14 years and is greater in active children [2] . This is important because active children will attain a higher peak bone mass, and will therefore present a lower risk of suffering osteoporosis later in life. Nevertheless, not all sports have the same effect on bone mass, as non-weight-bearing sports have been reported to be neutral to bone mass [3] .
Focusing on swimming, few studies have evaluated bone mass longitudinally in adolescent swimmers comparing them to sedentary controls or other athletes [4] [5] [6] . Maimoun et al. [6] compared female adolescent swimmers' areal bone mineral density (aBMD) acquisition to that of normo-active controls (CG) during one year, finding no Longitudinal effects of swimming on bone in adolescents: a pQCT and DXA study non-smokers, with no chronic disease or musculoskeletal disorders (fibromyalgia, gout, osteoarthritis, rheumatoid arthritis, tendinitis), bone fractures or medication. Swimmers had to have a history of swimming and competing in regional tournaments for more than 3 years and training for a minimum of 6 hours per week, while CG subjects could not be performing any aquatic activity or more than 3 hours of weight-bearing physical activity per week on a regular basis. Hours of physical activity were determined with a questionnaire. Swimming attendance was individually supervised by trainers.
If a swimmer missed many training sessions and consequently did not reach the minimum average of 6 hours per week, he or she was excluded from the study.
Participant classification
As some of the swimmers who continued with their normal swimming training performed an extra weight-bearing sport on a weekly basis that could modify or mask the results, swimmers were classified as swimmers who swam and performed other sports on a regular basis for more than 3 hours per week (SWI-SPORT) or swimmers that only swam (SWI-PURE). Therefore, for the present study, 3 groups were analyzed and compared: 1) SWI-SPORT, 2) SWI-PURE and 3) CG.
Evaluation of pubertal stage
Pubertal maturation was determined by self-assessment of secondary sexual characteristics according to the criteria devised by Tanner [18] .
This method has been reported to be both valid and reliable in assessing sexual maturity among adolescent athletes [19] .
Bone parameters Peripheral quantitative computed tomography (pQCT)
Bone mass, structure and strength were assessed with a Stratec XCT-2000 L scanner (Stratec Medizintechnik, Pforzheim, Germany). The scanning procedure is described in detail elsewhere [14] . Scans were performed in the non-dominant radius and tibia. Radius bone parameters were assessed at 4% and 66% of the forearm length and for the tibia at 4% and 38% of the tibia length. At the 4% site of the radius and tibia total (TOT_Area4%) cross-sectional bone area (mm 2 ), total (TOT_BMC4%) and trabecular (TRB_BMC) BMC (g/cm) were evaluated. At the 66% site of the radius and 38% site of the tibia total (TOT_Area38%) and cortical (CRT_Area) bone cross-sectional area (mm 2 ) and total BMC (TOT_BMC38%) were measured. Cortical thickness (CRT_THK, mm) was also measured at 38% of the tibia and 66% of the radius. Bone strength was established with respect to torsion (polar stress strain index, mm 3 (SSIPOL)), and bending (fracture load, N (FRC_LOAD_X)) with respect to the X-axis. All the strength indexes were calculated at 38% of the tibia and 66% of the radius.
Dual energy X-ray
Dual energy X-ray (DXA) scans were performed at the whole-body, lumbar spine and hip (trochanter and femoral neck). The protocol have been carried out on swimmers using pQCT, with most studies being cross-sectional studies in adults, finding that swimmers present similar bone strength indexes when compared to sedentary controls [9] [10] [11] [12] [13] .
To date, and as far as we know, only one study has described the bone structure of adolescent swimmers using pQCT [14] . This crosssectional study found that swimmers presented similar strength values when compared to normo-active controls (CG). Other researchers have used DXA hip structural analysis (HSA), finding no differences between male swimmers and CG [15] and lower geometry values in both male and female swimmers when compared to other sports [5, 15] . Nonetheless, HSA is limited by the two-dimensional nature of DXA and does not allow the distinction of cortical and trabecular bone [16] . Moreover, HSA results are greatly influenced by the femur rotation that will affect the projected dimensions from which the geometry is measured [16] .
It is of critical importance to evaluate changes both in aBMD and bone strength and structure during a season in adolescent swimmers, as future bone strength will not only depend on bone density but also on bone structure. In addition, bone mass improvements are thought to be mainly related to geometric adaptations and to a lesser extent to changes in aBMD [17] . Thus, it is possible that when comparing aBMD, bone structure and bone strength longitudinally there may be improvements in structure and consequently in strength without improvements in aBMD.
The aims of the present study were therefore; 1) to evaluate swimmers' aBMD with DXA and bone mass, bone strength and structure with pQCT during a swimming season and compare them to those of normo-active controls (CG), and 2) to evaluate whether practising an extra weight-bearing sport in addition to swimming might confer any aBMD, bone mass, strength or structure benefits.
MATERIALS AND METHODS

Experimental design
Swimmers were recruited from four swimming clubs from the city of Zaragoza, while participants in the control group were recruited from three high schools of the same city.
Participants were requested to visit our laboratory twice. The first 
Inclusion criteria
When the study began, inclusion criteria were as follows: participants had to be between the ages of 11 and 18 years, Caucasian, healthy, Biology of Sport, Vol. 34 No4, 2017 363
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The second evaluation was performed following the same protocol. Therefore, the ideal sample for the present study would consist of a minimum of 13 SWI-SPORT, 13 SWI-PURE and 13 CG subjects.
Outcome measures treatment. All data were analyzed using SPSS version 15.0 (SPSS, Chicago, IL, USA). Significance level was reported as a level at or below 0.05. Because there were no gender by time interactions, data for girls and boys were pooled and analyzed together.
The Kolmogorov-Smirnov test was used to check for a normal distribution, showing that all variables were normally distributed.
ANOVA with the Bonferroni post hoc test was used to examine baseline and post-evaluation differences between groups (SWI-PURE, SWI-SPORT and CG) for age, height, weight, tibia and radius length.
In addition, baseline and post-evaluation aBMD, bone strength, struc- 
, particularly in small samples like the present one, as when there is no true effect pn2 from small studies can give the erroneous impression that there is a real small to medium effect may be given, entirely as a result of the bias [23] .
For the group by time interactions, as pω 2 is underestimated if there is subject by treatment interaction, pn 2 was used to report effect size of the group by time interactions.
Both pω 2 and pn 2 can be interpreted as: <0.02 small effect, 0.06 moderate effect, >0.14 large effect [24] .
RESULTS
Participants
Exclusion and participant loss are detailed in Figure 1 .
Physical characteristics of the participants are shown in Table 1 .
Differences between groups for baseline and post-evaluation were found for height and tibia length, which were higher in SWI-SPORT
FIG. 1. Participant flow diagram.
than in CG (all P<0.05). No other differences were found among groups for any of the variables studied (all P>0.05).
Practised sports
Regarding SWI-SPORT, five swimmers regularly performed low-impact sports (weight-lifting) while six swimmers were engaged in highimpact sports (2 running, 3 basketball, 1 soccer). For the CG five controls performed low-impact sports (1 cycling, 4 dancing) and six performed high-impact sports (1 basketball, 2 soccer, 1 karate, 1 tennis, 1 gymnastics), always no more than 3 hours per week. None of the SWI-PURE were performing additional sports. All swimmers performed less than one hour per week of dry land training. Longitudinal effects of swimming on bone in adolescents SWI-SPORT presented higher arm aBMD values than CG at baseline and post-evaluation (p<0.05; Table 2 ). 
DXA measurements
Within-group improvements
Group by time interactions
When comparing aBMD acquisition of the 3 groups, a significant group by time interaction was found for the trochanter (np 2 = 0.218; p<0.05; Table 2 ). When focusing on the differences among groups, Bone structure, strength, area and BMC Table 2 summarizes bone structure, strength, area and BMC values at pre-and post-evaluation. No differences were found among groups for radius or tibia, either at pre-or post-evaluation (all p>0.05).
Within-group improvements
For the radius, both SWI-PURE and CG improved CRT_Area, CRT_BMC, TOT_BMC38%, SSIPOL (both P<0.05; Table 2) and TOT_Area38% (SWI-PURE P<0.05, CG P<0.06; Table 2 ). SWI-PURE also improved TOT_BMC4% (p<0.05; Table 2 ).
For tibia values, the 3 groups improved CRT_Area, CRT_BMC, TOT_BMC38%, FRC_LOAD_X and SSIPOL (all p<0.05; Table 2 ).
Improvements were also found from baseline to post-evaluation for the 3 groups for CRT_THK (SWI-PURE and SWI-SPORT both p<0.05; CG p<0.06) and TOT_AREA38% (SWI-PURE and CG both p<0.05;
SWI-SPORT p<0.06).
Group by time interactions
No group by time interactions were found for the radius values (all p>0.05; Table 2 ).
For the tibia, significant group by time interactions were found for CRT_THK, FRC_LOAD_X, SSIPOL, TOT_BMC38% and CRT_Area among the 3 groups (all p<0.05; Table 2 ).
Further pairwise comparisons showed that SWI-SPORT present- For the tibia variables, the group by time interaction found for cortical thickness, cortical area and total BMC at the shaft in SWI-SPORT when compared to CG was in line with previous studies that also found improvements in these parameters in jumpers when compared to CG, as during impact exercises, the rate of loading is much higher, and thus is associated with thickened cortical bone [9, 11, 30] . This increase in cortical thickness could explain the improvements in SSIPOL and FRAC_LOAD_X, both strength indexes that are influenced by cortical size, and that have previously been described as higher in weight-bearing athletes than in controls [10, 31] .
Surprisingly, SWI-PURE also presented group by time interactions for cortical thickness, SSIPOL, total BMC and cortical area, all measured at the shaft. Liu et al. [9] also found that female adult swimmers presented higher tibia strength strain index values than controls.
In contrast to our findings, Nikander et al. [32] did not find any differences between adult swimmers and CG in cortical thickness of the femoral neck measured with MRI. Nevertheless, the femoral neck might not support as much impact as the tibia while swimming, as swimmers are constantly pushing against the wall, an action that involves the calf muscles, although this is just a hypothesis that has not been tested in any previous studies. Swimmers develop their sport in a hypogravitational medium with no impacts until they perform a turn and use the wall to push themselves off and regain speed.
This push against the wall may be compared to the takeoff phase while jumping although with much less force. Therefore, these "pushes", that do not generate as much reaction force as a jump, might be able to generate sufficient forces to reach the minimum stimulus necessary to have some effect on the tibia bone. Although these pushes would generate very small forces, they are generated very often, as swimmers in the present sample train on average 10 hours per week, in 25-metre swimming pools with average training sessions of 3000 metres (120 pushes against the wall per session). The fact that no differences exist for the radius and some minor benefits do exist for the tibia could be due to this elevated number of minor impacts performed while pushing, which would range from 600 to 800 per week. Nevertheless, this is just a hypothesis that should be tested in future studies that compare swimmers who perform the exact amount of training in different types of swimming pools (25 metres vs. 50 metres).
The significant group by time interactions found for the tibia values among the 3 groups suggest that swimmers and CG are evolving in different ways. These interactions could be partly explained by the previously mentioned pushes but could also be due to differences in maturational stage, as although there were no differences in pre-or post-evaluation for Tanner stage, the CG had a larger number of participants in Tanner stage 5. It is probable that these participants would not improve as much as participants with lower maturation status. This hypothesis is supported by Figure 2 , as when comparing SWI-PURE to CG, SWI-PURE at baseline was always lower than the CG (although not significantly), and although there was a group by
DISCUSSION
The present study is the first to combine DXA and pQCT measurements in adolescent swimmers and to assess changes in bone over a swimming season. The main findings of the present study were 1) swimming has no effect on aBMD, radius bone strength, structure or BMC, and minor effects on tibia bone strength, structure and BMC, and 2) practising a weight-bearing sport in addition to swimming is beneficial to tibia strength and structure and to trochanter aBMD.
The only differences found among the 3 groups for DXA and pQCT variables were for the DXA aBMD arm values as SWI-SPORT presented higher pre-and post-evaluation than CG. No other differences were found for any of the studied variables at pre-or postevaluation among groups, suggesting that swimming has no effect on aBMD. These results are in line with those found in a recent meta-analysis performed in adolescents and children comparing aBMD values between swimmers and CG, finding no differences between groups [25] .
Although the present longitudinal study and previously published ones [4, 6, 26] suggest that swimming is not negative to bone mass and therefore should be considered as a "neutral" sport to practise in terms of aBMD, it is important to underline that adolescence is a critical period for bone acquisition. Previous research suggested that physical activity in this period may have greater positive effects on bone mass than many pharmacological interventions undertaken by adults with osteoporosis [27] . Therefore, the fact that adolescent swimmers present similar bone mass acquisition patterns to those not performing weight-bearing activities on a regular basis could entail a negative effect later in life.
Regarding the pQCT variables, no differences were found either at pre-or at post-evaluation among the 3 groups. Focusing on the radius, no group by time interactions or differences in the withingroup improvements (swimmers improved the same variables as CG) were found, suggesting that the improvements could be due to biological growth, as maturity-related differences in bone geometry, density, and strength in boys and girls have been previously well documented [28] . This lack of differences for radius values has been previously described in cross-sectional studies performed in adolescents [14] and adults [12] that have also compared swimmers to CG, finding no differences in radius strength indexes between groups.
The lack of radius improvements was surprising, as unlike the tibia or the femoral neck, which are constantly submitted to gravitational forces while walking and performing daily activity tasks, the forearm bones do not have to sustain loads during habitual daily tasks. It could therefore be expected that improvements in swimmers' radius when compared to CG would be found, as swimmers are constantly pushing with their hands against the water, a movement that involves the forearm muscles that react with contractions and thus produce bone strain. Nevertheless, from the lack of improvements found in the present study it would appear that the push against the water executed while swimming is not sufficient to reach the minimum effective strain for modelling, which would result in bone gain [29] .
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Longitudinal effects of swimming on bone in adolescents time interaction suggesting that SWI-PURE improved more than the CG, these improvements were always trending to equalize the CG values (although they always remained below). In contrast, the group by time interactions between SWI-SPORT and CG, which also suggest that SWI-SPORT improved more than the CG, showed that SWI-SPORT started and ended at a higher point, suggesting that the differences between groups increased (although they were non-significant at pre-and post-evaluation). The fact that these differences between SWI-SPORT and CG at pre-and post-evaluation were nonsignificant could be due to the sample size of SWI-SPORT (n=10) when the ideal sample size would have been 13. Effect sizes for the comparison between the 2 groups supported this idea, as they were on average medium (pn 2 ≈0.07).
In addition, when comparing SWI-SPORT to SWI-PURE, a tendency towards a group by time interaction between the two groups was found, suggesting that the SWI-SPORT subjects improved their tibia FRC_LOAD_X and SSIPOL more than the SWI-PURE subjects.
Again, it is possible that this group by time interaction did not reach significance due to sample size. The large effect size of 0.145 and 0.138 makes us hypothesize that if we had reached 13 participants per group we would have found significant group by time interactions between SWI-SPORT and SWI-PURE for the 2 bone strength indexes. This reinforces the idea that extra-weight-bearing training in addition to swimming is of critical importance to adolescent swimmers.
The controversial results found in current literature evaluating aBMD in adolescent swimmers [33] might be explained by differences in physical activity involvement by the CG or the extra activity performed by some of the swimmers included in those studies. The results of the present study support the latter hypothesis, as swimmers who performed an extra activity (SWI-SPORT) showed higher aBMD trochanter acquisition when compared to both SWI-PURE and CG, suggesting that the additional aBMD gains were due to the impacts while performing other weight-bearing activities. SWI-SPORT was the only group that improved aBMD of all the measured areas.
Therefore, future studies with swimmers should always report additional weight-bearing activities performed by the swimmers, as pooling together swimmers who only swim with swimmers who perform other sports could mask the results.
The main limitation of the present study is the grouping of both males and females due to the limited sample size (although there was no gender by time interaction, suggesting that both improved similarly). Another important limitation was the quantification of additional practised sports, as they were self-reported and not objectively measured, and therefore some participants might have overestimated their extra-physical activity while others might have underestimated it. Nonetheless, the present study has several strengths such as the use of two bone measurement techniques to evaluate both bone mass and bone structure and the longitudinal design of the study.
CONCLUSIONS
It seems that swimming has no effect on radius bone strength and induces minor benefits on tibia bone strength and trochanter aBMD.
Swimmers who complemented swimming with an extra weightbearing activity presented more improvements in aBMD and tibia structure and strength than any of the other groups, suggesting that impacts are determinant for improving bone strength. 
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